Residual sphere images from deep earthquakes not only detect the presence of slab-associated velocity anomalies but also lend insight into the flow and deformation of lithosphere subducted into the lower mantle.
INTRODUCTION
From a seismological point of view the easiest place to map deep mantle flow is in subduction zones, where the lateral gradients in seismic velocities are large and are frequently illuminated by deep focus sources. Studies of travel times from subduction zone earthquakes are providing an increasingly detailed picture of the morphology and extent of the downgoing lithosphere. In a series of papers [Jordan, 1977; Jordan, 1984, 1986; Fischer et al., 1986] we have used residual sphere images from Kuril-Kamchatka, Japan, Mariana, and Tonga-Kermadec earthquakes to constrain the strike, dip, and extent of slab material thrust down along the western margin of the Pacific plate. We have found that in all deep focus zones examined thus far, lithospheric slabs must penetrate to depths of at least 1000 km in order to match the amplitude and pattern of travel time anomalies. This large flux of lithosphere into the lower mantle, greater than 100 km3/yr in the western Pacific alone, is presumably balanced by mass transport from the deep manfie by upwelling plumes. Therefore the detection of aseismic slabs below deep focus zones argues for deep circulation as a component of plate tectonic return flow and against the hypothesis that the mantle is stratified into two convecting systems with a sharp chemical boundary near the 650-km seismic discontinuity [Jordan et al., 1988] . [1984] show that small increases in viscosity may induce downdip compression in the deeper regions of the slab, while allowing the slab to penetrate the 650-km discontinuity without much distortion of dip and width, whereas viscosity jumps of several orders of magnitude confine slab flow to the upper mantle. Intermediate viscosity increases allow the slab to penetrate but significantly shorten and thicken it [Hager, 1986] Hager et al. [1985] , who call for a viscosity increase by a factor of 10-30 at 650 km in order to satisfy the long-wavelength geoid.
Residual sphere images of deep slab penetration and the various hypotheses regarding deformation of slab material are motivating the development of new techniques for mapping subduction flow. A high-velocity slab acts as an "antiwaveguide," reducing the amplitudes and broadening the waveforms of the seismic waves traveling along it [Sleep, 1973; Silver and Chan, 1986; Vidale, 1987; Cormier, 1986] . It should be possible to combine this information with txavel time data to better constxain the details of slab structure. Although waveform distortions apparently due to deep slab structure have been observed [Silver and Chan, 1986; Beck and Lay, 1986; Cormier, 1986] , Vidale [ 1987] has argued that the lack of significant broadening in SHpolarized pulses propagating downdip from Kuril-Kamchatka deep focus events is evidence for a slab somewhat thicker than the simple thermal plate models of Creager and Jordan [1986] . The problem of interpretation is difficult, however. Accurately computing the propagation of seismic waves through threedimensional slabs is a nontrivial numerical exercise, especially at angles oblique to the downdip direction where the effects of diffraction and multipathing should be most pronounced [Silver and Chan, 1986; Cormier, 1986] . Moreover, the inverse problem for amplitudes and waveforms is very nonlinear, and the possible effects of heterogeneities elsewhere along the wave path make it highly nonunique.
Travel times are less sensitive than waveforms and amplitudes to the details of slab deformation but, by the same token, are easier to interpret. This paper uses residual sphere images from deep earthquakes in the western Pacific to establish bounds on the advective thickening of the slab as it penetrates through the transition zone into the lower mantle. The forward modeling is similar to our previous studies: a three-dimensional velocity structure is obtained from a temperature field parameterized in terms of a simple kinematical model of subduction flow, which is required to be consistent with the observed seismicity. In this study we generalize the flow model to include the thickening of the slab perpendicular to its plane.
RESmUAL SPHERE IMAGES
Four deep focus earthquakes were selected for this study, two from the Kuril-Kamchatka arc and two from the Mariana arc (Table 1 ). Figure 1 shows their epicenters on a map of the seismic zones and their hypocenters projected on cross sections through the three-dimensional slab models derived by Creager and Jordan [1986] . The slab models were constructed to satisfy the residual sphere data from these and other events. [Dziewonski, 1984] . Each observation is assigned a variance that is the sum of two parts, the square of a reading error and Dziewonski and Anderson's [1983] single-observation variance about the mean station anomaly. Theoretical times corresponding to the same station set are generated by tracing rays through a three-dimensional slab model, assuming that the hypocenter is located at the ISC depth in the cold thermal core of the slab. The residual sphere is a plot of residuals, either the observed or theoretical, on the lower focal hemisphere [Davies and McKenzie, 1969] . Two operations are applied in an identical manner to both the observed and theoretical residual spheres. The first eliminates any travel time anomalies that can be parameterized as a hypocentral relocation or origin time shift; formally, this relocation procedure is a projection of the N-dimensional residual vectors into an (N--4)-dimensional subspace orthogonal to the discretized and weighted residual sphere harmonics of zeroth and first degree. The second f'fiters the residual spheres by applying an operator whose specman tapers smoothly to zero for harmonics of high angular degree. Applying this smoothing operation to the observed times increases the signal-m-noise ratio of near-source heterogeneity by preferentially damping random observational errors and heterogeneities far from the source, whose •tra on the residual sphere are shifted to high wave nmbers. Applying it to the theoretical times accounts for the bias in the specmtm of near-source heterogeneity intxoduced by smoothing the data.
As a measure of the fit of the model to the observations, we compute the variance reduction factor R = 1-Ilata-at,.l12111atall 2
where Ata is the error-weighted, relocated, and smoothed data We retain the description of subduction as a two-dimensional steady state flow in the plane perpendicular to the slab, and we solve the thermal conduction equation as before. To broaden the slab, however, we construct a new kinematic flow model where the vertical component of particle velocity decreases with depth throughout a given depth range. The particular deformation model adopted in this study is specified by three parameters: z l, the depth at which the broadening begins; •, the depth interval over which it occurs; and 7, the ratio of the vertical particle velocity v 1 at z 1 to the vertical velocity v 2 at z 2 = z 1 + •'. Mass is conserved and the boundary conditions are such that the ratio of the horizontal velocity u to the vertical velocity v is the same at z 1 and z2; that is, the slab dip 8 = arc tan v/u is the same above and Kuril-Kamchatka slab. Three-dimensional ray bending tends to reduce the sensitivity of the theoretical times to increasing 7-If the ray paths were not significantly perturbed by slab heterogeneity, we would expect the band of negative residuals associated with ray paths in high-velocity slab material to be wider for a thicker (bigger •) slab. However, because narrower models have larger velocity gradients normal to the slab, rays tend to travel greater distances along the slab core and are bent more sharply as they leave the slab plane. Thus rays to a station not directly along the slab plane will accumulate nearly as much travel time anomaly for a narrow slab as for a wide one. 
DISCUSSION
The results of this study confirm two conclusions of Creager and Jordan [1986] : (1) the lower bounds established by residual sphere data on the depth extent of the high-velocity structures underlying deep focus zones depend only weakly on the crossstrike width of these zones, and (2) structures considerably wider than simple thermal plate models can satisfy the residual sphere data. In particular, significant advective thickening of the slab in models of subduction flow from a low-viscosity upper mantle to a high-viscosity lower manfie [Hager, 1986] predicted in the seismic core of the slab and less than 10% of the total slab deformation if the thickening factor is 3 or more. In the two subduction zones constrained by the residual sphere data presented in this paper, the discrepancy is much larger: for x 1 = 25 km, a thickening factor of 3 implies 3J/s½is•½ is about 5% of •flow for the Kurils and less than 1% for the Marianas. We conclude, therefore, that if substantial advective thickening does occur, the deformation must be largely aseismic.
CONCLUSIONS
While descending lithospheric slabs appear to penetrate the 650-km discontinuity, they may experience considerable advective thickening perpendicular to the arc at or below that depth. Deep event travel times are best fit by undeformed models, but a twofold increase in slab thickness fits all events nearly as well. Although the Mariana times allow advective thickening factors of 5 or more, factors larger than 3 are not consistent with the Kuril data. For all models examined, the data require that slab material extends to depths of 900-1000 kin. The insensitivity of the travel time data to slab width, relative to the tight constraints that they place on slab strike, dip, and depth extent, may be explained by the combined effects of three-dimensional ray bending and the geometrical weakness associated with the station distribution and the vertical Mariana slab.
A subducting lithosphere which advectively thickens upon its entry into the lower mantle is consistent with seismicity and moment tensor data which point to compressive stresses in the deep slab. An increase in viscosity between the upper and lower mantle could be the primary dynamical control on such a flow, and an intriguing question for future research is to delimit what range of viscosity structures and slab theologies are consistent with the above constraints on deep slab thickening. If such deformation does occur, its mechanisms are undoubtably much more complicated than the simple two-dimensional kinematical flow models used here. Our models assume that the details of the
